A
paper from Delwart and colleagues a recent issue of PNAS (1) affords an opportunity not only to discuss a new virus potentially linked to flaccid paralysis but also to review global efforts to eradicate poliovirus, the major cause of flaccid paralysis; recent advances in microbe hunting; and the potential complexity of proving causation when discovering novel microbes.
An Egyptian stone carving of a young man with a withered leg, dated 1300 BC, depicts what is considered to represent the first description of flaccid paralysis attributable to infection (Fig. 1) . Although Von Heine recognized clinical poliomyelitis as an entity distinct from other forms of paralysis in 1840 (2) , and several outbreaks of acute disease followed in Europe and the United States in the late 1800s (2, 3), an infectious basis was only first proposed by Wickman in 1905 (4) but not established until 1908, when Landsteiner and Popper demonstrated transmission in animal models (2) (3) (4) (5) . Poliovirus propagation in tissue culture by Enders, Robbins, and Weller, in 1948 (2), set the stage for vaccine development in independent efforts by Koprowski, Sabin (live attenuated virus vaccine), and Salk (inactivated virus vaccine) (6) . Since its launch in 1988, the World Heath Organization (WHO) Global Polio Eradication Initiative has dispensed more than 10 billion doses of live attenuated vaccine, reducing the global incidence of poliomyelitis by Ͼ99% (7). Despite recent setbacks in Nigeria and India (8) , there is cautious optimism that wild-type poliovirus will be eradicated. However, a new challenge has arisen with the emergence of neurovirulent vaccine-derived polioviruses: realization that the promise of poliovirus eradication will at minimum require a period of consolidation, during which vaccination using inactivated poliovirus continues (7) .
Polioviruses are not unique in their potential to cause flaccid paralysis. Another enterovirus, enterovirus 71 (EV71), can too, albeit at lower frequency (9) . First identified in the United States in 1969, EV71 is associated with neurological disease worldwide but most commonly in South Asia, where it has been implicated in epidemics of diarrhea, hand-foot-mouth disease, and paralytic illness (10) . EV71 infection can also be asymptomatic. Indeed, a study of normal Norwegian infants found the prevalence of EV71 in stool to be Ϸ7% (11). There is no EV71 vaccine.
In this issue Delwart and colleagues (1) describe the identification of a new virus in stool samples obtained from children in Pakistan under the auspices of the WHO Global Polio Eradication Initiative. The agent, a picornavirus like polioviruses and EV71, is provisionally named by using the acronym cosavirus (common stool-associated virus), designating the source of its discovery. Unlike polioviruses and EV71, cosaviruses have not yet been cultured. Cosaviruses were discovered by using purely molecular methods designed to reveal any nucleic acid in stool protected by the presence of a capsid. Although they were initially found in children with flaccid paralysis, subsequent analyses indicated that cosaviruses are found with similar frequency in stool of healthy children. Although this later work eliminates a simple relationship between infection and flaccid paralysis, it by no means excludes a causal correlation. Asymptomatic infections are also observed with poliovirus. Only 1% of poliovirus infections result in poliomyelitis (3) .
The discovery of a microbe in association with disease is only the first step in establishing a causal relationship or understanding the mechanisms by which it causes disease. Pasteur, Koch, and Loeffler proposed criteria to define a causative relationship between agent and disease that evolved into what are now known as Koch's postulates. These included the presence of the agent in every case of a disease, specificity for that disease, and the capacity to cause the same disease in naïve hosts after propagation in culture. The criteria were modified by Rivers (12) for viruses, chiefly through consideration of adaptive immunity as evidence of infection, and by Fredericks and Relman (13) to reflect the introduction of culture-independent molecular methods. Although the original Koch's postulates remain the most compelling proof of causation, there are instances wherein neither they nor the modified criteria adequately address the needs of microbe hunters. Some agents cannot be cultured. There may be no animal model with which to test the potential of a candidate agent to reproduce the original disease. Specificity in clinical presentation is the exception rather than the rule. Infections with different microbes may result in similar signs and symptoms. As noted above, infections with both polioviruses and EV71 (and perhaps cosaviruses) can culminate in flaccid paralysis. Single-nucleotide mutations can have a profound impact on transmission and virulence. Manifestations of infection may also vary with genetic susceptibility, age, nutrition, and previous exposure to similar agents. Proving causation is particularly challenging in instances where microbes have effects that are remote in time or space, or require cofactors such as coinfection for expression. In many acute infectious diseases, the responsible agent is readily implicated because it replicates at high levels in the affected tissue at the time the disease is manifest, mor- phological changes consistent with infection are evident, the agent is readily identified with classical or molecular methods, and there is evidence of an adaptive immune response. However, implication of agents may be difficult when classical hallmarks of infection are absent or mechanisms of pathogenesis are indirect or subtle. In these instances investigators must resort to statistical assessments of the strength of the epidemiological association, based on the presence of the agent or its footprints (nucleic acid, antigen, and preferably, an immune response) in hosts that are ill, and the biological plausibility indicated by analogy to diseases with related organisms, for which linkage is persuasive. Formal, definitive proof of causation may not be obtained until a specific intervention such as a drug or a vaccine is shown to prevent disease (14) .
Cultivation-independent molecular methods for pathogen discovery have transformed microbiology and medicine. Whereas the discovery of bornavirus nucleic acids in the 1980s (15) demanded years of tedious and complex subtractive cloning, subsequent technical advances, including PCR, microarrays, and high-throughput pyrosequencing, have dramatically reduced the interval and expertise required for pathogen surveillance and discovery (14) . Although exciting in its promise, this revolution is also daunting. 16S ribosomal RNA analyses of external and internal surfaces of humans are revealing a staggering diversity of prokaryotic microflora. We do not have comparable data for human viral microflora because there is no functional equivalent of an rRNA survey. Nonetheless, a conservative estimate of 50,000 vertebrate species, each harboring 20 endogenous viruses, predicts the presence of 1 million different viruses, Ͼ99.9% of them currently unknown. Many have the potential to cross species and cause disease in humans, livestock, or wildlife. How then should we proceed? A practical approach would be to focus our sights first on the lowhanging fruit, i.e., acute diseases for which the probability of identification of causative agents is high, and success would likely enable new strategies for intervention (e.g., pneumonia, meningitis, encephalitis, and infectious diarrheas). The efficiency and throughput of DNA sequencing and synthesis are increasing at a rate even faster than that projected by Moore's law for computing power (50% every 24 months) (16) . Thus, it will not be long before the costs for sequencing genomes of hosts and pathogens drop to tractable levels, allowing us to capture and understand more complex nature-nurture interactions, including those that may pertain to cosaviruses and EV71. Perhaps the most difficult challenge will be that of obtaining and integrating population and exposure data before the onset of disease so that we can examine the effects of host and environmental factors over the lifespan. Efforts are underway to do this through establishment of prospective birth cohorts comprising populations of 100,000 or more children and their parents. Such cohorts, joined with improvements in pathogen surveillance and discovery, toxicology, genetics, proteomics, and systems biology, will allow us to view the world of microbial pathogenesis in three dimensions-(genes) ϫ (environment) ϫ (timing)-yielding insights not only into acute diseases but also into chronic ones.
